The objective of this study was to establish whether tissues that are energy compromised, but not energy depleted, demonstrate exaggerated calcium tran sients when subjected to membrane depolarizations of the spreading depression (SD) type. Anesthetized and artifi cially ventilated rats were given insulin in order to induce progressively lower plasma glucose concentrations. Spreading depression was elicited by local application of KCI; extracellular calcium concentration (Ca 2 + e) as well as direct current (DC) potential were recorded. When plasma glucose concentration fell below �3 mM, the du ration of the Ca 2 + e transient gradually increased to val ues exceeding 500% of control. The increase was associSpreading depression (SD) is known to give rise to an ionic transient, involving release of K + from cells and uptake of Ca 2 +, Na +, and Cl- (Vyskocil et aI., 1972; Kraig and Nicholson, 1978; Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981; Hansen, 1985). It has been hypothesized that this transient is most likely initiated by massive presynaptic release of excitatory amino acids (EAAs) which open postsynaptic conductances for mono-and divalent cations (van Harreveld, 1970; Nicholson and Kraig, 1981; Hansen, 1985). However, since the ATP pro duction of normoxic tissue is not compromised, the downhill fluxes of ions trigger ATP-fueled transport which restores the ionic gradients (for reviews of Address correspondence and reprint requests to Gunilla Gid6 at Laboratory for Experimental Brain Research, Experimental Research Center, University Hospital, S-221 85 Lund, Sweden.
Spreading depression (SD) is known to give rise to an ionic transient, involving release of K + from cells and uptake of Ca 2 +, Na +, and Cl- (Vyskocil et aI., 1972; Kraig and Nicholson, 1978; Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981; Hansen, 1985) . It has been hypothesized that this transient is most likely initiated by massive presynaptic release of excitatory amino acids (EAAs) which open postsynaptic conductances for mono-and divalent cations (van Harreveld, 1970; Nicholson and Kraig, 1981; Hansen, 1985) . However, since the ATP pro duction of normoxic tissue is not compromised, the downhill fluxes of ions trigger ATP-fueled transport which restores the ionic gradients (for reviews of ated with a corresponding increase in the duration of the DC potential shift, but the amplitude of the Ca 2 + e tran sient did not change. It is concluded that a restriction of glucose (or oxygen) supply, as occurs in hypoglycemia (or hypoxia), prolongs the calcium transient associated with depolarization of the SD type, even though tissue phosphocreatine and A TP concentrations are normal. The results support the contention that repeated de polar izations, occurring in the penumbral zone of a focal isch emic lesion, could lead to calcium-related damage. Key Wo r ds : Spreading depression-Hypoglycemia Extracellular Ca 2 + concentration-DC potential Brain-Rat. changes in energy state, see Krivanek et aI., 1961 and Mies and Paschen, 1984) . Although SD remains an interesting pathophysiological event, its implica tion for human disease is not known. Spreading de pression equivalents may be involved in the patho physiology of migraine (Olesen and Larsen, 1981; Lauritzen, 1987) . Also, it has been proposed that SD equivalents appear in the penumbral zone of a stroke lesion and contribute to the extension of the focal infarct into the less densely ischemic penum bral zone (Nedergaard and Astrup, 1986; Hansen and Nedergaard, 1988) . However, it has also been clearly demonstrated that in normal tissue SDs re peatedly elicited over a 5-h period do not lead to neuronal necrosis . Thus, in order to make the hypothesis compatible with this finding, it is necessary to assume that in energy-compromised (but not energy-depleted) tis sue, repeated calcium transients may be harmful (Siesj6 and Bengtsson, 1989; Siesj6 et aI. , 1990) . The present experiments were designed to test the possibility that a restriction in rate of production of high-energy phosphates in normal tissue exagger ates and/or prolongs the calcium transients associ ated with SD. We chose to study mild to moderate hypoglycemia, which does not reduce tissue con centration of high-energy phosphate compounds (Lewis et aI., 1974; Norberg and Siesj6, 1976) but which must restrict the ability of the tissue to gen erate ATP. Such a degree of hypoglycemia has pre viously been studied with respect to thresholds of elicitation of SDs (Bures and Buresova, 1960; Bures et aI., 1974) and frequency of SDs (Kraig and Chesler, 1988) . Therefore, we induced repeated SDs by topical application of KCI, and the plasma glucose concentration was gradually reduced during continuous measurements of the DC potential and Ca 2 + e' The calcium transients were integrated by measurements of the area under the baseline Ca 2 + e recording. The results demonstrate that a restric tion of glucose supply, which does not interfere with basic membrane functions, increases the dura tion of extracellular calcium transient without in creasing the amplitude, i. e. , the �Ca 2 + e'
METHODS
The experiments were carried out on male Wi star rats (260-350 g) which were fasted overnight but allowed free access to tap water. After induction of anesthesia with halothane (3%), the animals were intubated and venti lated with halothane (1.0%) in N 2 0:0 2 (70:30). Two small craniotomies were made in the frontal and parietal re gions, separated by 3-4 mm. The frontal one was used to apply a pledget, soaked in 2 M KCI on the exposed dura. The pledget was replaced every 20 min to sustain the SDs. In the parietal craniotomy, recordings of Ca 2 + e and the DC potential were made with a double-barrel ion selective microelectrode, the tip being placed at a depth of 700 J.1m. One barrel, backfilled with 100 mM CaCI 2 , contained a Ca 2 + ionophore (Fluka AG CH-9470 Buchs), while the other, the reference barrel, contained 150 mM NaCl. Each barrel was connected to a high input resis tance amplifier via Ag-AgCI wires. A reference electrode was inserted subcutaneously into the neck (Hansen and Zeuthen, 1981) . The electroencephalogram (EEG) was re corded from needles inserted bilaterally into the temporal muscles of the head. A tail arterial catheter was placed for arterial blood gases, plasma glucose, and arterial blood pressure measurement, and a venous one for injections. Rectal temperature was controlled by using a thermistor connected to a heating pad. Halothane concentration was reduced to 0.3% and after a steady-state period of 30 min, the rats were injected with insulin, 2 IU kg-1 (Actrapid, Novo Nordisk A/S, Denmark), i.p., in order to induce hypoglycemia. Simultaneously, SDs were induced with KCl.
RESULTS
All animals were normothermic (�37°C), nor moxic (P a0 2 � 100 mm Hg), and normocapnic (PaC0 2 35-40 mm Hg); arterial blood pressures were � 130 mm Hg (data not shown). Plasma glucose con centrations varied between 4.5 and 6.5 mM before insulin was injected and then gradually decreased. At the lowest glucose concentration (�1 mM) the EEG was clearly depressed. However, none of the animals had an EEG demonstrating a burst suppres sion or an isoelectric pattern.
Application of 2 M KCI to the frontal neocortex consistently elicited SDs occurring at 5-1O-min in tervals (Fig. 1) . The Ca 2 + e transients consisted of a rapid fall in Ca 2 + e' and a slower recovery, as pre viously reported (Hansen and Zeuthen, 1981) . Dur ing the SD transient, Ca 2 + e fell rapidly, the fall be ing simultaneous with the development of a nega tive DC potential shift. The recovery occurred in two phases. In the first, Ca 2 + e increased rapidly to a value which was 70-90% of control. During the second phase, Ca 2 + e slowly approached normal. The recovery of the DC potential shift also showed two phases. In the first, the potential returned to and overshot the baseline. In the second, the po tential slowly returned to baseline. When normogly cemic animals without insulin treatment were sub jected to repeated SDs over 2-4 h, the duration of the Ca 2 + e transients and of the DC potential shift did not change significantly (data not shown).
The initial Ca 2 + e transients and DC potential shifts were similar when the plasma glucose con centration varied between 4. 5 and 6. 5 mM. How ever, the duration of the transients increased when the glucose concentration was further reduced (Fig.  1) , but the amplitude of the response (�Ca 2 + e) re mained unchanged. The area under the calcium transient (which was manually depicted on a digi talizing table, and thereafter calculated with an IBAS image analyzing system; Kontron Bildanal-{J :' : r, 1( , V--"V yse GmbH, Munich, Germany) was inversely re lated to plasma glucose concentration in all animals (Fig. 2) . The results suggest that the calcium tran sient was unrelated to the plasma glucose concen tration when the latter exceedeg 3 mM. However, at the lowest plasma glucose concentration, the area increased to 50�800%. At plasma glucose concentrations below 3 mM, both the duration of the Ca 2 + e transient and of the DC potential shift increased. In general, therefore, the duration of the DC potential can be used to predict the duration of the Ca 2 + e transient. The re lationship was very tight between the duration of the negative DC potential shift and the duration of the first phase of Ca 2 + e decrease, phase 1 (defined as the interval between the rapid fall in Ca 2 + e and the end of the rapid phase of Ca 2 + e recovery). The data give no significant difference between the du ration of DC potential and the duration of the Ca 2 + e transient (phase 1). A corresponding correlation be tween the duration of the negative DC potential shift and the duration of the entire Ca 2 + e transient (phases 1 and 2) showed that the latter increased proportionally more when plasma glucose was re duced. This relationship is expressed by the equa tion I1t (s) = 208 -22[plasma glucose], where plasma glucose concentration is given in mM.
DISCUSSION
In discussing the present data, it should be re called that hypoglycemia of a degree which does not give a burst suppression pattern in EEG is associ ated with normal tissue levels of phosphocreatine Unit of area has only relative meaning.
and ATP (Lewis et al., 1974; Norberg and Siesjo, 1976) . The tissue is thus not deprived of energy but, since glucose concentration is close to zero and gly cogen concentration is reduced, the tissue has a lim ited capacity to generate ATP, should the demands for energy increase. In view of these facts, the present results can be tentatively interpreted as follows. When release of EAAs and depolarization lead to activation of ion conductances, calcium equilibrates across mem branes and intracellular calcium concentration (Ca 2 +) rises. At the same time, K + is released from, and Na + and CI � are taken up by cells. How ever, the downhill fluxes of ions trigger activation of Na + ,K + -and Ca 2 + -activated ATPases, and rapid restoration of ionic gradients, as well as re uptake of transmitters released. Clearly, these are energy-demanding tasks which may well be delayed if ATP production is reduced. That is, that rapid restitution of the status quo after an ionic transient of this type cannot be achieved at the expense of endogenous energy stores, but requires the synthe sis of new ATP, and thereby influx of O 2 and sub strate, i.e., glucose. In the present experiments, hy poglycemia increased the duration of both the Ca 2 + e shift and of the DC potential shift. The time before the DC potential returned to baseline and Ca 2 + e normalized increased in parallel with de creasing plasma glucose concentration. Hypoglyce mia prolonged both the duration of the marked ini tial fall in Ca 2 + e' and the duration of the subse quent, slow recovery phase (see Fig. 1 ). In many recordings, we also found that hypoglycemia pro longed the duration of the secondary, positive shift in DC potential.
As stated in the introductory paragraph, it has been proposed that spontaneously occurring SD like depolarizations in the perifocal ("penumbral") zone of a stroke lesion could be harmful, either be cause they increase metabolic rate in the energy compromised tissue (Nedergaard and Astrup, 1986; Nedergaard, 1988) or because they lead to poten tially harmful transients (Siesjo and Bengtsson, 1989; Siesjo et al., 1990 ). The present results cor roborate this assumption because they demonstrate that a restriction of high-energy phosphates by hy poglycemia markedly prolongs the calcium tran sients associated with SD. It seems very likely that a restriction of oxygen supply should act similarly. However, it remains to be shown whether these prolonged calcium transients lead to irreversible cell damage.
00263-27 A), the National Institutes of Health, U.S. Public Health Service (Grant no. 2ROl NS. 07838-22), and the Medical Faculty, University of Lund. The authors are grateful to Barbro Asplund for preparing Ca 2 + elec trodes.
